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Background:Hdac3 depletion in osteo/chondroprogenitor cells causes severe osteopenia and decreases long bone length.
Results: Akt and mTOR activities were reduced and Phlpp1 levels were increased in Hdac3 deficient chondrocytes.
Conclusion: Hdac3 deletion suppresses the Akt/mTOR pathway by increasing expression of the protein phosphatase Phlpp1.
Significance: Hdac3 and Phlpp1 have crucial roles in regulating chondrocyte hypertrophy and cartilage regeneration.

HDACs epigenetically regulate cellular processes by modify-
ing chromatin and influencing gene expression. We previously
reported that conditional deletion of Hdac3 in osteo-chondro-
progenitor cells with Osx1-Cre caused severe osteopenia due to
abnormal maturation of osteoblasts. The mice were also
smaller. To address the abnormal longitudinal growth in these
animals, the role of Hdac3 in chondrocyte differentiation was
evaluated. We found that Hdac3 is highly expressed in resting
and prehypertrophic growth plate chondrocytes, as well as in
articular chondrocytes. Hdac3-deficient chondrocytes entered
hypertrophy sooner andwere smaller thannormal chondrocytes.
Extracellular matrix production was suppressed as glycos-
aminoglycan secretion and production of aggrecan, osteopon-
tin, andmatrix extracellular phosphoglycoproteinwere reduced
in Hdac3-deficient chondrocytes. These phenotypes led to the
hypothesis that the Akt/mTOR pathway was repressed in these
Hdac3-deficient chondrocytes because Akt promotes hypertro-
phy and matrix production in many tissues. The phosphoryla-
tion and activation of Akt, its substrate mTOR, and the mTOR
substrate, p70 S6 kinase, were indeed reduced in Hdac3-defi-
cient primary chondrocytes as well as in chondrocytes exposed
to HDAC inhibitors. Expression of constitutively active Akt
restored phosphorylation of mTOR and p70 S6K and matrix
gene expression levels. Reduced phosphorylation of Akt and its
substrates in Hdac3-deficient or HDAC inhibitors treated chon-
drocytes correlated with increased expression of the phosphatase
Phlpp1.Hdac3 associatedwith a Phlpp1 promoter region contain-
ingSmadbindingelementsandwasreleasedafterTGF�wasadded
to the culture. These data demonstrate that Hdac3 controls chon-
drocyte hypertrophy and matrix content by repressing Phlpp1
expression and facilitating Akt activity.

Endochondral ossification is a complex developmental pro-
cess by which long bones form and many fractures heal. This

process begins with the condensation of mesenchymal progen-
itor cells, which differentiate into chondrocytes, and progresses
to the production of a type II collagen- and proteoglycan-rich
matrix. With further differentiation, chondrocytes undergo
hypertrophy and suppress type II collagen in favor of type X
collagen. Ultimately, chondrocytes undergo apoptosis, the tis-
sue becomes vascularized and osteoblasts and osteoclasts
replace the cartilaginousmatrixwith a type I collagen-richmin-
eralized matrix. Akt is an influential intracellular serine kinase
that orchestrates chondrogenesis (1, 2), increases chondrocyte
proliferation (3, 4), either promotes or inhibits hypertrophy
depending on cell context (3, 5, 6), and inhibits chondrocyte
apoptosis (3, 6, 7). Triggered by activation of receptor tyrosine
kinases, Akt phosphorylates several substrates, including
mTOR, to regulate cell size, protein translation, and matrix
synthesis.
Akt activation is crucial for tissue development and regener-

ation; however, sustained activation of Akt signaling is onco-
genic, and thus, this pathway is tightly regulated. Akt signaling
is terminated by PH domain and leucine-rich repeat protein
phosphatase (Phlpp1/2;2 pronounced “Flip”), which dephos-
phorylate Ser-473 (8–10). Phlpp1 depletion maintains the
phosphorylation of Akt, p70 S6K, protein kinase C (PKC), and
FoxO (forkhead box protein O) and increases cell size, protein
content, and the rate of cap-dependent translation (9, 11).
Phlpp1 KO mice develop normally but display circadian
rhythm deficits and are slightly shorter in length (12). The
molecular roles of Phlpp1 in skeletal development are not
known.
Histone deacetylase 3 (Hdac3) is a broadly expressed nuclear

enzyme that regulates many cellular processes, including cellu-
lar hypertrophy, by post-translationally modifying proteins
such as histones and transcription factors, and regulating gene
expression (13, 14). Although germ line Hdac3 deletion causes
embryonic lethality (15), conditional Hdac3 ablation within
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cardiac muscle or the liver increased hypertrophy and altered
energymetabolism (16–18).Within the growth plate, Hdac4 (a
binding partner of Hdac3) controls chondrocyte hypertrophy
through its interaction with Runx2, Zfp521, and Mef2c (19–
23); however, the role of Hdac3 in hypertrophy has not been
established.We recently demonstrated that conditional knock-
out of Hdac3 with osterix (Osx1)-Cre (Hdac3-CKOOsx) causes
severe osteopenia and growth deficiencies. The long bone
shortening was associated with an expansion of the growth
plate hypertrophic chondrocyte zone (19). Here, we describe a
molecular mechanism by which Hdac3 controls chondrocyte
differentiation in these Hdac3-CKOOsx mice. Our data show
that primary chondrocytes from Hdac3-CKOOsx mice express
higher levels of Phlpp1, which reduces the phosphorylation and
activation of Akt and mTOR, proteins that regulate cellular
hypertrophy and matrix production.

MATERIALS AND METHODS

Hdac3 Deficient Mice—Mice harboring two copies of the
Hdac3 allele with loxP sites in introns surrounding exon 7
(Hdac3fl/fl) and/or Osx1-Cre were generated and genotyped as
described previously (15, 19, 24). These animals are referred to
as Hdac3-CKOOsx mice in this report and are on the C57Bl/6
genetic background. Animals were housed in an accredited
facility under a 12-hour light/dark cycle andprovidedwater and
food (PicoLab�RodentDiet 20, LabDiet) ad libitum. Dietswere
supplemented three times per week with Nutri-Cal� (Véto-
quinol Canada, Inc., Lavaltrie, QC) and Napa Nectar (S.E. Lab
Group, Inc., Napa, CA). All animal research was conducted
according to guidelines provided by the National Institute of
Health and the Institute of Laboratory Animal Resources,
National Research Council. TheMayo Clinic Institutional Ani-
mal Care and Use Committee approved all animal studies.
Isolation and Culture of IMAC Cells—Immature mouse

articular chondrocytes (IMACs) were isolated as described by
Gosset et al. (25). Briefly, the femoral head and tibial plateaus
were dissected from 4-week-old mice. Cartilage pieces were
digested twice in 3 mg/ml collagenase for 1 h and then over-
night in 0.5 mg/ml collagenase. The resulting suspension of
freshly isolated IMACs was placed in micromass culture by
plating 10-�l drops containing 2 � 105 cells in DMEM, supple-
mented with 5% FBS, 25 �g/ml ascorbic acid, 54 �g/ml �-glyc-
erol phosphate and 1�mixture of insulin, transferrin, and sele-
nium (ITS) (Invitrogen) as published previously (26, 27).
Culture medium was changed every 3 days for 21 days.

Alcian Blue and Alizarin Red Staining—IMAC cultures were
fixedwith 10% neutral buffered formalin for 10min and stained
with Alcian blue (1% Alcian blue, 3% acetic acid) for 2 h or 1%
Alizarin Red-S (pH 4.2) solution for 10min. Tibias were fixed in
10% neutral buffered formalin, decalcified in 15% EDTA for 5
days, paraffin-embedded, sectioned, and stained with Alcian
blue or Goldner’s trichrome solution.
RNA Extraction and Quantitative PCR—Total RNAwas iso-

lated from IMAC cultures, ATDC5 cells, and postnatal day 1
(P1) tibias with TRIzol reagent (Invitrogen) and phenol/chlo-
roform. RNA (2 �g) was reverse transcribed using the Super-
script cDNAkit (Bio-Rad). The resulting cDNAswere placed in
real-time PCR reactions containing gene-specific primers
(Table 1) as outlined in Razidlo et al. (19). Fold changes in gene
expression for each sample were calculated relative to expres-
sion levels at the beginning of the experiment. Each experiment
was performed in triplicate.
Western Blotting—Cells were lysed in SDS sample buffer

(0.1% glycerol, 0.01% SDS, 0.1 M Tris, pH 6.8) on ice. Total
protein concentrations were determined with the Bio-Rad DC

assay (Bio-Rad). Proteins (40 �g) were resolved by SDS-PAGE
and transferred to nitrocellulose.Western blotting was accom-
plished utilizing antibodies (1:2000 dilution) for p-Ser-2448
mTOR, total mTOR, p-Ser-371 p70 S6 kinase, p-Ser-473 Akt,
total Akt, p-Thr-202/Tyr-204 Erk, total Erk (Cell Signaling
Technologies, Boston, MA), Hdac3, Phlpp1 (Abcam, Cam-
bridge, MA), Ac-H3 Lys-9/Lys-14, (Millipore, Billercia, MA),
HA (Cambrex, East Rutherford, NJ) and actin (Santa Cruz Bio-
technology, Santa Cruz, CA), and corresponding secondary
antibodies (Santa Cruz Biotechnology). Chemiluminescent
detection was performed with Pierce femto reagent (Pierce).
Prior to reprobing, blots were stripped using Restore Western
blot stripping buffer (Pierce).
Immunohistochemical Staining—Tibias from 2-week-old

mice were fixed in 10% neutral buffered formalin and decalci-
fied in 15% EDTA for 5 days and paraffin-embedded. Immuno-
histochemical staining was performed with antibodies directed
to Hdac3 (Millipore), Phlpp1 (Abcam), or IgG isotype control.
Chromogens were developed using a polyvalent secondary
HRP detection kit (Abcam) followed by incubation in 3�-3�-
diaminobenzidine (DAB) (Sigma Aldrich).
ATDC5 Cell Culture and Transfection—ATDC5 cells were

cultured in DMEM, 5% FBS, 1% antimycotic/antibiotic, and 1�
ITS. Cells were transfected with pcDNA3, pcDNA-Phlpp1�C

TABLE 1
Primers for real-time PCR reactions

cDNA Forward primer Reverse primer

Aggrecan 5�-CCGCTTGCCAGGGGGAGTTG-3� 5�-GATGATGGGCGCACGCCGTA-3�
Type 2a1 Collagen 5�-ACTGGTAAGTGGGGCAAGAC-3� 5�-CCACACCAAATTCCTGTTCA-3�
Type X Collagen 5�-CTTTGTGTGCCTTTCAATCG-3� 5�-GTGAGGTACAGCCTACCAGTTTT-3�
GAPDH 5�-GGGAAGCCCATCACCATCTT-3� 5�-GCCTCACCCCATTTGATGTT-3�
Ihh 5�-GCTTTCCTGCCGGAGCCCAG-3� 5�-GGTGGGGGTCCCATCCTCCC-3�
Mepe 5�-TGCTGCCCTCCTCAGAAATATC-3� 5�-GTTCGGCCCCAGTCACTAGA-3�
Osteopontin (Spp1) 5�-CCTTGCGCCACAGAATGCTGT-3� 5�-CGGCCGTTGGGGACATCGAC-3�
PTHrP 5�-CTGGCCCTCGCATCCACGAC-3� 5�-ACAGCCACTTGCGGCAGAGC-3�
Phlpp1 5�-CTGGCGTGATAGCGGGCGAG-3� 5�-CCAGGCGCCGGGTAGTCTCT-3�
Phlpp2 5�-GGGCTGAGCGCCTCGTTGTT-3� 5�-ACGCCTGCCGTTGCCATCTC-3�
Runx2 5�-GGCACAGACAGAAGCTTGATGA-3� 5�-GAATGCGCCCTAAATCACTGA-3�
Sox9 5�-AGGAAGCTGGCAGACCAGTA-3� 5�-CGTTCTTCACCGACTTCCTC-3�
Vegf 5�-AGAGGCTTGGGGCAGCCGAG-3� 5�-ACTCCCGGGCTGGTGAGTCC-3�
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(Addgene no. 22931 (28)) or pcDNA3-caAkt (29) with Lipo-
fectamine (Invitrogen) using a 1:3 (Lipofectamine:DNA) ratio
24 h after ITSwas added to the culturemedium (28). Cells were
then treated with the indicated concentrations of HDAC inhib-
itors, suberoylanilide hydroxamic acid (SAHA, Vorinostat), or
trichostatin A (TSA) for 24 h.
Chromatin Immunoprecipitation—ATDC5 cells were cul-

tured for 3 days and then treated with 2 ng/ml TGF� for 4 h.
Chromatin immunoprecipitation was performed according to
Lambert and Nordeen (30). Briefly, cells were washed and
DNA-protein complexes were cross-linked with 0.03% formal-
dehyde followed by cell lysis (1% SDS, 10 mM EDTA, 50 mM

Tris, pH 8.0). Lysates were sonicated, precleared with 30 �g
Dynabeads (Invitrogen) and incubated with indicated antibod-
ies (2 �g) overnight at 4 °C. Dynabeads (60 �g) were incubated
with each pull down and washed and eluted with 1% SDS, 0.1 M

NaHCO3. Protein was digested, and the resulting DNA was
extractedwith phenol-chloroform.Amplification of the Phlpp1
promoter at an identified Smad binding site (BS) or a nonspe-
cific binding site was performed with the following primers:
(Smad BS, 5�-AGACGGGGCCAGCGATCCTGTGAA-3�
(forward) and Smad BS, 5�-GTCGAGGATACCCAGAAGA-3�
(reverse); nonspecific BS, 5�-CAGAGGGCACAATACCCAC-
C-3� (forward) and nonspecific BS, 5�-ACTAGTTGAGGCGG-
GGCGGT-3� (reverse)).
Image Quantitation—Images were digitally scanned or col-

lected using phase contrast microscopy and converted to
threshold values using ImageJ software. Immunohistochemis-
try (IHC) staining was quantitated by determining the average
mean gray value of cells within each growth plate zone. Angles
between centers of three columnar chondrocytes within the
growth plate of 5-week-old mice were also determined using
ImageJ software.
Statistical Analysis—Data obtained are the means � S.E. of

the mean (n � 3). p values were determined with the Student’s
t test.

RESULTS

Hdac3 Regulates Chondrocyte Hypertrophy andMatrix Gene
Expression—Wepreviously showed that conditional deletion of
Hdac3 within Osx1-Cre-expressing, osteo-chondroprogenitor
cells stunts long bone growth and reduces trabecular and cor-
tical bone mass (19). These animals also exhibit an expanded
hypertrophic zone (19). To further understand the role of
Hdac3 in chondrocyte differentiation, its expression pattern in
the proximal tibia of wild-type (WT) 4-week-old mice was
examined by IHC (Fig. 1). Hdac3was detected inmeniscal cells,
articular, and epiphyseal chondrocytes surrounding the sec-
ondary ossification center (Fig. 1, E and F) and within defined
regions of the growth plate (Fig. 1,A andB). Specifically, resting
chondrocytes and prehypertrophic chondrocytes showed
robust expression of Hdac3, whereas proliferating and hyper-
trophic chondrocytes expressed lower levels. Hdac3 levels were
reduced in prehypertrophic chondrocytes, articular chondro-
cytes, and trabecular bone of Hdac3-CKOOsx mice (Fig. 1).
These results demonstrate that Hdac3 is spatially and tempo-
rally restricted in the developing skeleton and implicate Hdac3
as a crucial regulator of endochondral ossification.

To determine whether Hdac3 deficiency alters chondrocyte
proliferation and hypertrophy, the distance from the proximal
tibia epiphysis to the onset of each respective growth plate zone
in postnatal day 1 (P1)WT and Hdac3-CKOOsx mice was mea-
sured as described previously (31). No overall change in the

FIGURE 1. Hdac3 is expressed in articular cartilage and the developing
growth plate. Paraffin-embedded sections of tibias from 4-week-old WT
mice (A–H) mice were incubated with an IgG isotype control antibody (left
column) or an anti-Hdac3 antibody (right column). Shown are 100� images of
the growth plate (A and B) or the articular surface (E and F) of a wild type
mouse. Also shown is an Hdac3 staining of the growth plate (C and D) and the
articular surface (G and H) of Hdac3-CKOOsx mice. I, relative Hdac3 staining in
each growth plate zone was quantified with ImageJ. The resting (R), prolifer-
ative (P), prehypertrophic (PH), and hypertrophic (H) zones are designated in
select panels. The superficial zone (SZ) and deep zone (DZ) cartilage, trabec-
ular bone (Tb), and subchondral bone (B) are indicated in other panels.
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length of the periarticular chondrocyte zone or in the start of
the proliferative zone was observed (Fig. 2A). However, the dis-
tance from the epiphyseal surface to the boundary between pre-
hypertrophic andhypertrophic chondrocyteswas shorter in the
Hdac3-CKOOsx animals, and the normal columnar array was
disorganized (Fig. 2, A and B). Alcian blue staining, which
measures glycosaminoglycan content, was also reduced in the
Hdac3-CKOOsx P1 tibias (Fig. 2A). Accordingly, transcripts of
chondrocytematrix genes (aggrecan,matrix extracellular phos-
phoglycoprotein (MEPE), and osteopontin) were significantly
decreased in P1 tibias from Hdac3-CKOOsx mice (Fig. 2, C–E).
These results indicate that chondrocyte hypertrophy is altered,
and matrix secretion is suppressed as a result of Hdac3
deficiency.
To validate the in vivo observations and demonstrate that

Hdac3 deficiency alters chondrocyte differentiation in a cell
autonomous manner, IMACs from Hdac3-CKOOsx or WT
micewere cultured ex vivo inmicromass for up to 21 days in the
presence of ITS medium from days 3 to 21 (Fig. 3). Hdac3
mRNA levels were reduced by �50% in IMAC cultures from
Hdac3-CKOOsx mice (Fig. 3D). This is the expected level of
Hdac3 suppression, because Osx (Sp7) is not expressed in all
chondrocytes. Both WT and Hdac3-CKOOsx IMACs formed
dense and stablemicromasses that boundAlcian blue as early as
day 3 (Fig. 3). In response to ITS, WT chondrocytes produced
glycosaminoglycans that bound Alcian blue with increasing
intensity through day 10. At day 21, hypertrophic chondrocytes
dominated the micromasses (Fig. 3C). WT micromasses were
encapsulated with a calcified matrix at day 21 (Fig. 3A). In con-
trast, micromasses from Hdac3-CKOOsx mice stained poorly
with Alcian blue beginning at day 7 and relative expression
levels of aggrecan, MEPE, and osteopontin mRNAs were

decreased in Hdac3-deficient IMACs (Fig. 3, J–L), similar to
that observed in vivo (Fig. 2). The diffuse Alcian blue staining
persisted throughout the ex vivo differentiation. Matrix calcifi-
cation was also reduced in the Hdac3-CKOOsx cultures. These
data indicate that Hdac3-CKOOsx chondrocytes have defects in
chondrocyte matrix production.
Further molecular analysis of mRNA expression confirmed

that chondrocyte differentiation was disturbed in IMACs from
Hdac3-CKOOsx mice (Fig. 3, E–I). Collagen 2a1 and Indian
hedgehog,markers of immature and prehypertrophic chondro-
cytes, as well as VEGF were increased in Hdac3-CKOOsx cul-
tures at day 7 but were down-regulated relative toWT levels by
day 14. Runx2 levels increased at equal rates in both WT and
Hdac3-CKOOsx cultures. In contrast, collagen X, a late marker
of chondrocyte differentiation, increased �50-fold in Hdac3-
CKOOsx IMAC cells as compared with 8-fold increases in con-
trol cells. The elevated expression of collagen 2a1, Indian
hedgehog, and VEGF in Hdac3-CKOOsx mice at early time
points suggests accelerated hypertrophy.Whereas rapid down-
regulation of collagen 2a1 and Indian hedgehog and reduced
levels of matrix genes indicates that Hdac3 is crucial for matrix
production and chondrocyte hypertrophy. Reduced VEGF in
differentiated chondrocytes may decrease coupling to ossifica-
tion, thus leading to the expanded hypertrophic zone, more
collagen X expression, and decreased bone mass observed in
the Hdac3-CKOOsx mice (19).
Hdac3 Regulates Akt Signaling in Hypertrophic Chondrocytes—

Associated with changes in matrix deposition, the columnar
structure of growth plate chondrocytes was disrupted in P1
Hdac3-CKOOsx mice (Fig. 2A). Proliferative and hypertrophic
chondrocytes remained disorganized in 5-week-old Hdac3-
CKOOsx long bones (Fig. 4, A–C). This was measured by calcu-

FIGURE 2. Hdac3 regulates chondrocyte hypertrophy and matrix gene expression. A, paraffin-embedded tibia sections were obtained from P1 WT or
Hdac3-CKOOsx mice, stained with Alcian blue, and photographed (4�). The arrows indicate length measurements shown in B. B, the distance from the bone
epiphysis to the onset of the hypertrophic zone was determined. C–E, total RNA was extracted from WT or Hdac3-CKOOsx P1 tibias. Relative expression of matrix
genes, including aggrecan (C), osteopontin (D), and MEPE (E), was determined by real-time PCR. *, p � 0.05.
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lating the average angle between the centers of three adjacent
columnar chondrocytes. Thus, the chondrocytes of WT mice
were highly organized, with the average angle between cells
being 165°. In contrast, adjacent Hdac3-CKOOsx chondrocytes
were more difficult to identify, and the average angle between
50 trios of cells was reduced to 155° (Fig. 4B). In addition to
being more disorganized, the average perimeter of the hyper-
trophic chondrocytes within the growth plate of Hdac3-
CKOOsx mice was significantly smaller as compared with WT
and Osx1-Cre mice (Fig. 4D).

The combined observations of smaller chondrocytes and
reduced matrix deposition both in vivo and ex vivo suggested
that Hdac3 deficiency suppresses growth factor signaling path-
ways as well as general protein translation. Akt was identified as
a candidate effector of these chondrogenic phenotypes because
it is activated by insulin and stimulates mTOR, which phosphor-
ylates ribosomal subunits and stimulates CAP-dependent
translation to control cell size and matrix synthesis (32–36).
Hdac3-CKOOsx IMACcultures had reduced levels of p-Ser-473
Akt, as well as p-Ser-2448 mTOR, an Akt substrate (Fig. 5, A
and B). Furthermore, phosphorylation of the mTOR substrate
p70 S6K, the kinase required for the S6 ribosomal subunit, was
decreased. In contrast, Erk phosphorylation was not altered in
Hdac3-CKOOsx cells. These data demonstrate that Akt signal-
ing cascades are suppressed in Hdac3-CKOOsx chondrocytes.
Hdac3 Represses Phlpp1 Expression—We hypothesized that

reductions in Hdac3, a nuclear co-repressor, were indirectly

repressing the cytosolic Akt signaling pathway by increasing
the transcription of a protein phosphatase. In a candidate
screening approach, theAkt phosphatase, Phlpp1, was found to
be highly elevated in Hdac3-CKOOsx IMACs (Fig. 5, A and C).
The inverse relationship between Phlpp1 and Hdac3 expres-
sion was confirmed in vivo. Thus, Phlpp1 levels were increased
in the prehypertrophic zone of Hdac3-CKOOsx tibial growth
plates (Fig. 5D). This temporal and spatial expression pattern of
Phlpp1 was inversely correlated with Hdac3 expression in the
prehypertrophic zone of WT mice (Fig. 1D). Together, these
data suggest that Hdac3 represses Phlpp1 to facilitate Akt sig-
naling in chondrocytes and growth plate development.
To determine whether Hdac3 associates with the Phlpp1

promoter, chromatin immunoprecipitation assays were per-
formed in ATDC5 cells (Fig. 6A). Hdac3 bound to a previously
characterized region of the Phlpp1 promoter that contains a
Smad binding element, but not to distal regions lacking Smad
binding sites (37). TGF�, a potent inducer of chondrogenesis
and Smad2/3 nuclear localization and DNA binding, released
Hdac3 from the Phlpp1 promoter within 4 h (Fig. 6A). TGF�
also increased Phlpp1 but not Phlpp2 transcripts in ATDC5
cells (Fig. 6B). These data demonstrate that Hdac3 associates
with the Phlpp1 gene.
HDAC Inhibitors Increase Phlpp1 Transcription and Sup-

press Akt Activity—To further test the molecular regulation of
Phlpp1 by HDACs, the chondrogenic cell line, ATDC5, was
treated with broad-acting HDAC inhibitors, SAHA or TSA,

FIGURE 3. Hdac3 regulates hypertrophy and matrix gene expression. A, WT or Hdac3-CKOOsx IMAC cells were harvested and placed in micromass culture
to simulate chondrocyte differentiation to hypertrophy. Cultures were fixed and stained with Alcian blue at days 3, 7, 10, and 14 or stained with Alizarin red at
day 21. B, sections WT or Hdac3-CKOOsx micromasses were stained with Alcian blue at day 21. C, the normal progression of chondrocyte phenotypic marker
gene expression. D–L, WT or Hdac3-CKOOsx IMAC cells were cultured in micromass, and total RNA was harvested as indicated. Relative expression levels of
Hdac3 (D), collagen 2a1 (E), Indian hedgehog (Ihh; F), Runx2 (G), type X collagen (H), VEGF (I), aggrecan (J), osteopontin (K), and MEPE (L) was assayed by real-time
PCR. *, p � 0.05 compared with WT.
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which inhibit all class I HDACs, including Hdac3. As in the
Hdac3-CKOOsx IMACs, Phlpp1 but not Phlpp2 or protein
phosphatase (Pp)1 mRNA expression was elevated after
exposure to the HDAC inhibitors (Fig. 6, C and D). Phlpp1

protein levels were also elevated in HDAC inhibitor-treated
cells (Fig. 6E).
To determine whether Phlpp1 directly regulates Akt activity

in chondrocytes, we overexpressed a HA-tagged mutant
Phlpp1 construct (Phlpp1�C, Fig. 7A) that inhibits the interac-
tion between Phlpp1 and Akt (28) in ATDC5 cells and treated
the cells with SAHA. Increased acetylation of histone 3 (H3) on
K9/K14 (Fig. 7B) confirmed that HDACs were inhibited in
SAHA-exposed cells. Similar to what was observed after Hdac3
depletion, SAHA decreased the phosphorylation of Akt and
increased Phlpp1 levels. Phlpp1�Cprevented theHDAC inhib-
itor-mediated decrease in Ser473 Akt phosphorylation (Fig.
7B). Together, these data demonstrate that HDACs, particu-
larly Hdac3, control Akt activity by regulating Phlpp1 levels in
prehypertrophic chondrocytes.
Constitutive activation of Akt restores defects in chondrocyte

differentiation caused by HDAC suppression—To confirm that
defects in Akt phosphorylation and activity were responsible
for phenotypes of HDAC-suppressed cells, we overexpressed a
HA-tagged, constitutively active Akt (caAkt) in chondrogenic
ATDC5 cells and treated the cells with SAHA, which increased
H3 K9/K14 acetylation (Fig. 7C). SAHA decreased the phos-
phorylation of the Akt substrate, mTOR, and its substrate, p70
S6K. Expression of HA-caAkt rescued their phosphorylation
levels. Furthermore, HA-caAkt rescued the loss of Alcian blue
staining in SAHA-treated micromass cultures (Fig. 7D) and
restored the expression of matrix genes, including aggrecan,
osteopontin, andMEPE in SAHA-treated and control cells (Fig.
7, E–G). These data demonstrate that Akt signaling cascades
are repressed in HDAC-suppressed chondrocytes.

DISCUSSION

HDACs are essential for tissue development and regenera-
tion because they control gene expression and signaling events
involved in cell cycle control, hypertrophy, and survival. Small
molecule HDAC inhibitors are effective cancer therapies
because of their ability to slow cell cycle progression, induce
DNA damage and apoptosis, and stimulate re-expression of
silenced tumor suppressor genes (38). In preclinical studies,
HDAC inhibitors slowed progression of experimental arthritis
and associated inflammation (39–41). Thus, HDAC-mediated
regulation of chondrocyte differentiation during normal tissue
homeostasis and disease progression is of interest. Many
HDACs contribute to cartilage biology (42). Unfortunately,
most existing HDAC inhibitors suppressmultiple enzymes and
can have nonspecific effects. Therefore, there is a great need to
understand the roles of individual HDACs in chondrogenesis,
chondrocyte proliferation, and hypertrophy so that HDAC
inhibitors can be appropriately applied. We previously estab-
lished a role for Hdac3 in governing bone formation (19). In this
study, the function of Hdac3 during chondrocyte differentiation
was further explored in this Hdac3-CKOOsx mouse model. The
data demonstrate that Hdac3 plays a crucial role in promoting
Akt-dependent signaling and chondrocyte hypertrophy.
Hdac3 is highly expressed in developing articular cartilage,

the meniscus, mineralized bone, and resting cells of the growth
plate and epiphysis. Surprisingly, Hdac3was spatially restricted
within the active growth plate, with high expression in prehy-

FIGURE 4. Hdac3 regulates chondrocyte cell size. A and B, distal femurs
from 5-week-old Cre-negative (Hdac3fl/	;WT Cre
), Cre-positive (Osx-Cre	:
Hdac3	/	;WT Cre	), and Osx-driven CKO (Osx-Cre	:Hdac3fl/fl; Hdac3-CKOOsx)
mice were stained with Goldner’s Trichrome (A) or Alcian blue (B). C, the
angles between three adjacent columnar chondrocytes were assessed using
ImageJ software. Representative tracings from �50 are shown in A. D, the
average hypertrophic chondrocyte cell perimeter (n � 200) was determined
using ImageJ software. *, p � 0.05 compared with WT.
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pertrophic chondrocytes and lower levels in the surrounding
proliferating and hypertrophic chondrocytes. This expression
pattern partially overlaps with that of Hdac4, which is also
required for proper endochondral ossification and was shown
to bind Hdac3 (20). Unlike Hdac3, Hdac4 expression is main-

tained in hypertrophic chondrocytes (20). In many tissues,
Hdac3 is required for the enzymatic activity of the Hdac4-con-
taining multi-protein complexes (43). One of the important
findings of this study is that Hdac3 deletion suppresses Akt
signaling by increasing Phlpp1 expression only in prehypertro-

FIGURE 5. Hdac3 regulates activation of the Akt/mTOR pathway. A and B, WT or Hdac3-CKOOsx IMAC cells were placed in micromass culture to simulate
chondrocyte differentiation toward hypertrophy. A, Western blotting for the indicated proteins was performed on day 10 of micromass cultures. B, phosphor-
ylation of Ser-473 Akt was normalized to total Akt, and the average percentage change in Akt activation was determined. C, relative expression levels of Phlpp1
were determined by real-time PCR. D, paraffin-embedded sections of tibias from 4-week-old WT or Hdac3-CKOOsx mice were incubated with an IgG isotype
control antibody or an anti-Phlpp1 antibody.

FIGURE 6. HDAC inhibition represses transcription of Phlpp1. A, chromatin immunoprecipitation for Hdac3 or histone 3 (H3) at the Phlpp1 promoter was
performed in ATDC5 cells treated with TGF� or vehicle for 4 h. B, ATDC5 cells were treated with TGF� or control for 24 h. Relative expression levels of Phlpp1
and Phlpp2 transcripts were determined by real-time PCR. C–E, ATDC5 cells were treated with the indicated concentrations of SAHA or trichostatin A (TSA) or
with DMSO (solvent control) for 24 h. C and D, relative expression of Phlpp1, Phlpp2, and Pp1 was determined by real-time PCR. E, PHLPP and actin expression
levels were determined by Western blotting and quantified with ImageJ software. PHLPP levels were normalized to actin and calculated as a percent of the
DMSO control.
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phic cells. The effect of Hdac4 deletion on Akt activity in carti-
lage has not been reported.
Overall bone lengthwas reduced inHdac3-CKOOsxmice but

was accompanied by a relative expansion of the hypertrophic
zone (19). Potential explanations for this phenotype include
decreased hypertrophic chondrocyte apoptosis, reduced vascu-
logenesis and coupling to subsequent ossification, reduced
expression of genes involved in hypertrophic zone turnover,
and/or by accelerated chondrocyte hypertrophy. Chondrocyte
apoptosis, parathyroid hormone related protein (PTHrP), and
matrix metalloproteinase gene expression were not changed in
Hdac3-CKOOsx cells (data not shown); however, VEGF expres-
sion was reduced. Decreased VEGF expression could partially
explain the expansion of the hypertrophic zone and reduced
bone deposition observed with conditional deletion of Hdac3
(19).
In addition to accelerating chondrocyte hypertrophy, Hdac3

deficiency decreased chondrocyte cell size, reduced glycos-
aminoglycan staining, and produced a disordered columnar
array of chondrocytes within the growth plate. The expression
of several matrix genes (MEPE, osteopontin, and aggrecan) was
also reduced inHdac3-CKOOsx cells; however, it is possible that
increased diffusion or degradation of matrix components also
contributes to decreasedmatrix staining. These phenotypes are
characteristic of Akt-signaling deficits. Indeed, we observed
striking reductions in phosphorylated Akt and its downstream
substrates, mTOR and p70 S6K. The effects of Hdac3-defi-
ciency mimic the effects of the mTOR inhibitor rapamycin on
chondrocyte hypertrophy and glycosaminoglycan production
(44–47). Akt-mediated phosphorylation of mTOR and its sub-
strate p70 S6K positively regulates proliferation, differentia-
tion, and matrix deposition; therefore, reduced phosphoryla-
tion of these proteins likely contributes to the phenotypes of

Hdac3-deficient cells. It is possible that increased diffusion or
degradation of matrix components also contributes to
decreased matrix staining. Together, these data demonstrate
that Hdac3 controls the central signaling pathways down-
stream of Akt required during chondrocyte differentiation
(Fig. 8).
The profound suppression of Akt, a kinase predominantly

associated with the plasma membrane, in chondrocytes defi-
cient in a nuclear co-repressor Hdac3, suggested an indirect
mechanism of regulation. One possibility was that Hdac3
increases the levels or activities of a protein phosphatase to
restrict Akt activity. There are several reports of other HDACs
promoting Akt kinase activity through this mechanism. For
example, Hdac2 suppresses expression of the PI3K protein
phosphatase, Inpp5f, in cardiomyocytes and prevents Akt acti-
vation by PI3K (48). In other studies, Hdac1 and Hdac6 bound
PP1 and prevented its association with Akt in human glioblas-
tomaU87MGcells (49). Hdac3 did not bind PP1 in that cell line
(49) but did in diffuse large B-cell lymphoma cells to suppress
Akt phosphorylation (50, 51). We did not detect a change in
PP1 levels or nuclear localization in the Hdac3-CKOOsx chon-
drocytes. Protein and mRNA levels of Phlpp1, but not Phlpp2
were increased in Hdac3-CKOOsx prehypertrophic chondro-
cytes and IMAC cultures derived from these mice. Further-
more, Hdac3 localized to the Phlpp1 promoter in TGF�-regu-
lated manner. In preliminary studies with HDAC-inhibited
osteoblasts, we also observed reduced phosphorylation of Akt
but did not detect increased Phlpp1/2 levels, suggesting a dif-
ferent molecular mechanism is active in osteoblasts than in
chondrocytes. We hypothesize that Hdac3 directly represses
Phlpp1 expression in chondrocytes by binding to transcription
factors (e.g. Smad2/3 and/or co-repressors (e.g. Hdac4 or Ski/
Sno). The Phlpp1 promoter has not yet been cloned or studied

FIGURE 7. Restoring Akt activity rescues the effects of HDAC inhibition. A, the Phlpp1 wild type and �C forms. The pleckstrin homology domain (PH), leucine
rich repeats (LRR), phosphatase inhibitor insensitive enzymatic domain (PP2C) and the PZD binding motif required for Akt interaction (PZD; the �C form lacks
this domain) are noted. B, ATDC5 cells were transfected with the Phlpp1�C construct or vector control and Western blotting for the indicated proteins was
performed. C–G, ATDC5 cells were transfected with caAkt or vector control and then treated with DMSO or 1 �M SAHA for 24 h. C, Western blotting for the
indicated proteins was performed. D, transfected cells were placed into micromass culture to simulate chondrocyte differentiation and incubated with SAHA
or DMSO. Cultures were fixed and stained with Alcian blue or harvested for total RNA at day 7. Relative expression of matrix genes, including aggrecan (E),
osteopontin (F), and MEPE (G), was determined by real-time PCR. *, p � 0.05 compared with DMSO-treated, vector transfected cells.
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in depth, so additional experiments are needed to identify the
exact molecular mechanism(s) by which Hdac3 regulates
Phlpp1 mRNA and protein levels in chondrocytes. Together,
our data add to the accumulating evidence that HDAC repres-
sion of protein phosphatases may be a general means by which
cells are primed for Akt pathway activation.
Conditionally deleting Hdac3 with Osx1-Cre ensured dele-

tion ofHdac3 as early as embryonic day 14.5 (24) and allowed us
to determine the effects of Hdac3 deficiency at all subsequent
stages of endochondral ossification. Limitations of this model
are that osterix is not chondrocyte-specific and it does not
address the temporal effects of Hdac3. Osx (Sp7) is expressed
by mesenchymal progenitors that give rise to both osteoblasts
and chondrocytes (52, 53). Proliferating growth plate chondro-
cytes express osterix, as do a few hypertrophic chondrocytes
and most osteoblasts (52–54). Thus, we cannot conclude with
certainty that the in vivo effects of Hdac3 deletion on growth
plate cartilage are exclusively caused by chondrocyte defects
and that osteoblast-derived signals do not contribute; however,
our ex vivo data from primary articular chondrocytes indicate a
cell autonomous effect. Moreover, we recently showed that
deletion of Hdac3 in committed osteoblasts with osteocalcin-
Cre does not affect Hdac3 expression in the growth plate and
produces normal long bones (55). Ongoing studies are address-
ing the effects of Hdac3 on Akt signaling pathways using carti-
lage-specific Cre drivers.

In summary, Hdac3 is expressed in developing bone and car-
tilage. Hdac3 deficiency accelerates the hypertrophy gene
expression program but also reduces matrix production and
decreases chondrocyte cell size. Hdac3-CKOOsx chondrocytes
also express higher Phlpp1 levels and lower Akt activity. More-
over, downstream regulation of the Akt targets such as mTOR
facilitates the specific effects on chondrocyte hypertrophy.
These data demonstrate in importance of Hdac3 in promoting
Akt signaling during chondrocyte differentiation.
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